Structural, electrical and thermoelectric properties of chromium silicate thin films by Abd El Qader, Makram
UNLV Theses, Dissertations, Professional Papers, and Capstones
8-2011
Structural, electrical and thermoelectric properties
of chromium silicate thin films
Makram Abd El Qader
University of Nevada, Las Vegas
Follow this and additional works at: http://digitalscholarship.unlv.edu/thesesdissertations
Part of the Electronic Devices and Semiconductor Manufacturing Commons, and the
Semiconductor and Optical Materials Commons
This Thesis is brought to you for free and open access by Digital Scholarship@UNLV. It has been accepted for inclusion in UNLV Theses, Dissertations,
Professional Papers, and Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.
Repository Citation
Abd El Qader, Makram, "Structural, electrical and thermoelectric properties of chromium silicate thin films" (2011). UNLV Theses,
Dissertations, Professional Papers, and Capstones. 1222.
http://digitalscholarship.unlv.edu/thesesdissertations/1222
  
 
STRUCTURAL, ELECTRICAL AND THERMOELECTRIC PROPERTIES OF CrSi2 
THIN FILMS 
 
By 
 
Makram Abd El Qader 
 
Bachelor of Engineering 
University of Nevada Las Vegas 
Las Vegas, Nevada, USA 
2009 
 
A thesis submitted in partial fulfillment  
of the requirements for the 
 
Master of Science Degree in Electrical Engineering 
Department of Electrical and Computer Engineering 
Howard R.Hughes College of Engineering 
 
Graduate College 
University of Nevada Las Vegas 
August 2011 
 
 ii 
 
 
 
 
 
THE GRADUATE COLLEGE 
 
 
We recommend the thesis prepared under our supervision by 
 
 
Makram Abd El Qader 
 
 
entitled 
 
 
Structural, Electrical and Thermoelectric Properties of CrSi2 Thin 
Films  
 
 
be accepted in partial fulfillment of the requirements for the degree of 
 
 
Master of Science in Electrical Engineering 
Department of Electrical and Computer Engineering 
 
 
Ramasubramanian Venkatasubramanian, Committee Chair 
 
Nathan Newman, Committee Member 
 
Thomas Hartmann, Committee Member 
 
Ravhi Kumar, Graduate College Representative 
 
Ronald Smith, Ph. D., Vice President for Research and Graduate Studies 
and Dean of the Graduate College 
 
 
August 2011 
 
 
 iii 
 
ABSTRACT 
Structural, Electrical and Thermoelectric Properties of CrSi2 Thin Films  
 
by 
Makram Abd El Qader 
Dr. Rama Venkat, Examination Committee Chair 
Professor of Electrical and Computer Engineering 
University of Nevada, Las Vegas 
 
Thermoelectric devices can generate electrical power as a result of their ability to 
produce electrical currents in the presence of thermal gradients. They can also 
produce refrigerative cooling when electrical power is supplied to them.  Among the 
potential semiconducting silicides, CrSi2 is attractive because of its high thermal and 
chemical stability and its potential for thermoelectric application. CrSi2/SiO2 thin-film 
structures were prepared using RF sputtering. As deposited and annealed (300
o
C to 
600
0
C) thin films were characterized for their structural, electrical, and thermoelectric 
transport properties. As-sputtered CrSi2 film is amorphous at room temperature and 
crystallizes around 300
o
C independent of thickness. Resistivity of the as-deposited 
1µm films is 1.20 mΩ-cm, whereas, the annealed films were not electrically 
conducting as a result of the formation of cracks in the film.  The measured Seebeck 
voltage of the 1µm films is markedly enhanced upon annealing and reaches a value of 
81µV/K; close to that of bulk CrSi2. The 0.1µm-thick film exhibit an increase in the 
resistivity up to 0.9mΩ-cm upon annealing at 300oC, which drops for higher 
temperature anneals.  This behavior is not well-understood. The Seebeck voltages of 
the 0.1µm thin films increase with annealing temperatures, reaching a maximum 
value of 62µV/K. Thermoelectric power factors for 0.1 µm thin films exhibit a 
 iv 
 
similar behavior to that of the Seebeck coefficients; increasing with temperature and 
reaching a plateau value of 10
-3
 W/(K
2
 m) at around 400
o
C to 450
o
C.  These results 
suggest that annealed thin films of thicknesses in the range of 0.1µm are more 
suitable for device applications when glass substrates are employed. In order a 
deposit ternary and higher order alloys, a three gun sputtering system was designed, 
built and tested for its level of vacuum levels and cleanliness. The tests showed that 
the three-gun sputtering system is of vacuum levels of 10
-9
 Torr and shows extremely 
low level of impurities and is ready for future sputtering works in this area. 
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CHAPTER 1 
INTRODUCTION 
 
The world‟s seemingly insatiable demand for more reliable and safe energy 
sources is causing drastic escalation of social and political unrest. A large number of 
governments are increasing the efforts in research and development for a more 
sustainable energy solution. Such efforts are aimed at preventing the environmental 
impact of global climate change due to the combustion of fossil fuel, which is becoming 
increasingly alarming. Approximately 90% of the world‟s electricity is produced by heat 
energy from burning fossil fuel. Production plants typically operate at 30-40 per cent 
efficiency, loosing around 15 terawatts of power in the form of heat to the environment. 
Thermoelectric power generators can convert some of this waste heat into useful power. 
Residential heating, automotive exhaust, and industrial processes all generate enormous 
amount of heat that could be converted to electricity by thermoelectric modules. 
Thermoelectric devices are thus potential power sources since they can produce electrical 
currents in the presence of thermal gradients.  Thermoelectric generators are solid-state 
devices with no moving parts; they are silent, reliable and scalable, making them ideal for 
small scale power generation [1]. Currently the major automobile companies are 
developing systems with thermoelectric generators mounted on the exhaust stream to 
replace the alternator in cars, thereby improving fuel efficiency [1]. Advances in 
thermoelectric materials and devices will also enable the replacement of compression-
based refrigeration with solid state Peltier coolers [1].  
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Even after decades of research and development with thermoelectric technology, 
efficiencies remain relatively low.  
The figure of merit for the performance is characterized by the usual 
dimensionless figure of merit ZT. Theoretical predictions suggested that thermoelectric 
efficiency could be greatly enhanced with low-dimensional structures [2]. Hence, 
engineering nanostructure materials and measuring their properties is of high interest. 
Such nanostructures are thin films which are shown to have enhanced Seebeck coefficient 
and reduced thermal conductivity [1]. Recent efforts [1]
 
on Bi2Te3-Sb2Te3 and PbTe-
PbSe films shown reduced thermal conductivity values to near kmin values [1] (0.2-0.5W 
m
-1
 K
-1
).  Promising thermoelectric data have been reported on thin films, but the 
difficulty of processing and characterizing makes them a challenge to reproduce.
 
 
Transition metal (TM) silicides are potentially-useful materials for high 
temperature applications due to their high melting point and chemical stability at elevated 
temperatures [3]. CrSi2 is a possible candidate for thermoelectric power generation due to 
its high efficiency at elevated temperature
 
[3].This is because of its semiconducting 
nature [3] and thermal stability in air up to 1000˚K [3]. CrSi2 thin films were confirmed 
to be a semiconductor with energy gap of 2.7 eV by Nava [4], it is a P type, having hole 
concentrations of 4x 10
9
 cm
-3
 at room temperature and hole mobilities of 7.2 x 10
4
 T
-3/2
 
cm
2
 V
-1
 s
-1
. Thermoelectric values for bulk CrSi2 have been extensively investigated at 
room temperature.  A Seebeck coefficient (α) of~ 96 µV/K and an electrical resistivity of 
order 10
−3 Ω.cm was measured [3]. The thermal conductivity κ value at RT is ~10 W/m K 
[3] with the phonons being the major contributors. It is the high κ value in this material, 
which limits its thermoelectric figure of merit ZT. Thus, there is need to investigate low 
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dimensional structures of CrSi2 is essential since it could yield to a higher Seebeck 
voltage and hence higher thermoelectric power factor (P).  The freedom to engineer 
materials at the nanoscale and to control the composition may also contribute to lower 
thermal conductivity κ, due to interfacial phonon scattering.  
Thus, structure and thermoelectric properties of magnetron r.f sputtered and subsequently 
annealed CrSi2/SiO2 multilayers were investigated as a function of annealing temperature 
and layer thickness .To better understand the thermoelectric properties of the fabricated 
films, a Seebeck coefficient (α) and electrical resistivity (ρ) apparatuses were designed, 
fabricated and tested.  Experimental determinations of the thermopower (P) were 
inferred. Structure and composition analysis of the properties of the fabricated thin films 
were performed using X-ray diffraction techniques and wave dispersive X-ray analysis, 
respectively. To help better investigate a wide range of microstructures of the 
thermoelectric materials, we designed and assembled a three gun sputtering system with 
wide control over process and growth conditions. The system will also enable our group 
members to fabricate low dimensional ternary (three element) thin-films such as 
(AgSbSe2-AgSbTe2) [5] in the future.  
 
1.1 Organization of the thesis 
 
In chapter 2, a literature review of the physics of thermoelectric phenomena, 
thermoelectric materials growth and characterization, is presented. In chapter 3, the 
physics of sputtering, and vacuum systems along with the design and assembly of a three 
gun sputtering system are presented. Experimental methods involved in the fabrication 
and characterization of CrSi2 thin films are presented in chapter 4. Results and 
 4 
 
discussions are presented in chapter 5.  Conclusions and recommendations for future 
work are presented in chapter 6.  
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CHAPTER 2 
THERMOELECTRICS 
 
2.1 Historical development  
 
The three decades from 1821 to1851 are considered to be one of the most 
important periods for thermoelectric research. The three basic effects- thermopower 
generation, thermal sensing, and refrigeration- were discovered and the physics and 
material science associated with them were understood. First, Seebeck reported in 1823 
the results of a set of experiments in which a compass needle was deflected if placed in 
the vicinity of a closed loop formed from dissimilar metals, when one of the junctions 
was heated [6]. The phenomenon which was observed by Seebeck was caused by a 
current flowing in the conductor due to a thermal gradient. Some 12 years later, a 
complementary effect was discovered by Peltier [6], who observed that heat is absorbed 
or generated at a junction between two dissimilar conductors when a current is passed, 
depending on the direction of the current flow,. In 1851 W. Thomson [6], predicted the 
third thermoelectric effect, by establishing a relationship between the Seebeck and Peltier 
effects. This effect relates to the heating and cooling in a single homogenous conductor 
when a current passes along it, in the presence of temperature gradient.  
In 1909 and 1911, Altenkirch [7]
 
explained the theory behind thermoelectric 
materials and their efficiency. He showed that to get optimal values thermoelectric 
materials required to have large Seebeck (α) coefficient accompanied with very low 
thermal conductivity (κ) to keep hold of the heat at the junction and low electrical 
resistance to minimize Joule heating. The following properties were correlated together in 
 6 
 
a so-called figure-of-merit Z= α2σ/κ and the unit of Z is 1/K. At a given absolute 
temperature T, since Z may vary with T, a no dimensional figure-of-merit is ZT. Between 
1930 and 1970, intensive efforts were made to understand the microscopic origin of 
thermoelectricity and the development of materials, which resulted in comparably high 
ZT values as shown in (Figure2.1). The momentum waned after that period. Beginning 
around 1990, a combination of factors, mainly environmental concerns regarding global 
warming and interest in cooling electronics, led to renewed research activity in the 
science and device technology of alternative power generation and refrigeration.  
 
Figure 2.1 Progress in years of the figure of merit of thermoelectric materials near Room 
temperature [9] 
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2.2 Thermoelectric phenomena and coefficients 
2.2.1 General principle 
Solid-state thermoelectric devices have long been investigated for challenging 
thermal control and renewable energy sources. The basic mechanisms involved in the 
operation of these devices are the thermoelectric effects involving free carriers in metals 
and semiconductors. These carriers are responsible for carrying charge as well as heat. 
Mobile charge carriers tend to diffuse from the hot end to the cold end if thermal gradient 
applied across the two ends. The buildup of charge carrier results in a net charge at the 
cold end, which is composed from electrons (e
-
) and holes (h
+
), and deficiency of some 
type of carriers on the other end, thus producing an electrostatic potential difference 
between the two ends (voltage), this is pictorially shown in (Figure 2.2a). This property is 
known as the Seebeck effect, and it‟s one of the basic properties of thermoelectric 
generation (TEG). On the other hand, thermoelectric cooling (TEC) occurs when current 
passes through the material, causing the material to cool on one side and heat on the other 
by the phenomena called the Peltier effect which is shown pictorially in (Figure 2.2b) 
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(a)                                                               (b) 
Figure 2.2 PN couple used as TEG (a)-Seebeck effect, and TEC (b)-Peltier effect [9] 
 
Thermoelectric devices enclose any thermocouples consisting of n-type (free 
electrons) and p-type (free holes) thermoelectric elements connected in series and 
thermally in parallel as shown in (Figure2.3). For a thermoelectric power generator to 
work, a heat gradient must be established across top (heater) and bottom (heat sink) 
electrodes. The temperature difference provides a voltage (V = α∆T) due to the Seebeck 
effect. The heat flow in this case drives the current, which therefore, determines the 
amount of power output. In a Peltier cooler, a DC power supply drives a current (I) and 
heat flow (Q) through the thermocouple, consequently cooling the top electrode and 
heating the bottom one due to Peltier effect. For the device to work, the heat rejected 
must be removed by a heat sink [1].  
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Figure 2.3 A schematic picture showing the direction of charge flow in both (TEC) and 
(TEG) [1] 
 
The efficiency of both power generation and cooling in thermoelectric device is 
determined by its figure of merit (ZT): 
                                         ZT=α2σ/κ                                            (2.1) 
 where, α is the  Seebeck coefficient µV/K, σ is the electrical conductivity Ωm, and κ is 
the thermal conductivity W/m-K.  
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2.2.2 Seebeck coefficient 
 
The thermoelectric power or so called Seebeck coefficient of some material is the 
measure of a thermoelectric voltage between the two ends of a solid in response to a 
temperature difference across the solid. The thermopower has SI units of Volts per 
Kelvin (V/K), and more often is given in in microVolt per Kelvin (μV/K). The 
mathematical expression for the Seebeck coefficient is material properties interrelated. 
The negative spatial gradient of the electrochemical potential is equal to the spatial 
temperature gradient     times the Seebeck coefficient,      and is given by:                               
                                                                                                               
where υ represents either electrons or hole, which are mobile carriers. Current 
density,      is given in terms of chemical potential and temperature gradient, for short 
circuit conditions is given by: 
                   
  
 
 
 
  
   
 
   
                                      
In case of local thermal equilibrium between lattice and the mobile carriers, the lattice 
and carrier temperatures,            , respectively, are equal and are given by: 
                                                                                                                                  (2.4) 
Comparing equations (2.2-2.4), results in the generalized a Seebeck coefficient given by:                    
                                
  
 
 
 
  
   
 
   
                                                                                 (2.5) 
 The Seebeck coefficient for electrons and hole are given as 
                                   
  
 
 
 
  
   
 
  
                                                                                     
              
  
 
 
 
  
   
 
  
                                                                             (2.7) 
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where the subscript on υ refers to „n‟ for electrons and „p‟ for holes. Note the difference 
in sign in the Seebeck coefficients for electrons and holes resulting from the sign of the 
charge on the mobile carriers. Equations (2.6) and (2.7) do not include the effect of 
scattering. Including the effect of scattering, the Seebeck coefficients can be written as: 
    
  
 
 
 
  
      
 
  
                                                                              (2.8) 
and 
    
  
 
 
 
  
      
 
  
                                                                             (2.9) 
where „rn‟ and „rp‟ represents the relaxation time of the different scattering mechanisms. 
 
2.2.3 Electrical resistivity and thermal conductivity 
 
Thermoelectric devices must have large thermopower output- Seebeck voltage 
with low electrical resistivity, ρ and low thermal conductivity, κ. Hence, a material with 
high electrical conductivity is required to ease the mobility of electrons in the system, and 
further increase the Seebeck voltage output. Also, material with low thermal conductivity 
is essential for sustaining a heat gradient across the two ends of a solid.  
In an isotropic conductor, the electrical conductivity, σ, is the reciprocal of the 
resistivity ρ.  
                                                         
 
 
                                                                              (2.10) 
The thermal conductivity represents the material‟s ability to conduct heat, and therefore 
dictates the heat flux per area for a given temperature difference in a homogeneous 
material. If w is the heat conduction per unit area, then the thermal conductivity   is 
given by: 
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                                                      (2.11) 
where,  
  
  
 is the thermal gradient.  
2.2.4 Conflicting thermoelectric properties 
 
The current challenge in today‟s thermoelectric research is to maximize the figure 
of merit which incorporates all relevant material parameters, which are 
the Seebeck coefficient α, thermal conductivity κ, and electric conductivity σ. Due to the 
strong dependence on both temperature and concentration of free carriers of these single 
parameters, the figure of merit exhibits according dependencies as well, which means that 
each material has its own optimum range of operation and number of other factors need 
to be examined to optimize ZT. 
 
2.2.4.1 Effect of carrier concentration 
 
An important challenge in thermoelectric research involves the development of 
materials with a large figure of merit. Since the Seebeck coefficient decreases with carrier 
concentration, the figure of merit is thus directly proportional to the Seebeck coefficient.  
The electrical conductivity initially increases with carrier concentration to reach a 
maximum at a carrier concentration of ~10
24
 and then decreases again. This is illustrated 
in (Figure 2.4). 
Mathematically, using a simplified transport model, this effect can be explained 
as follows. For metals or degenerate semiconductors (parabolic band, energy-independent 
scattering approximation) [1], the Seebeck coefficient is given by: 
                                              
     
 
    
      
 
  
                                               (2.12)        
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where   is the carrier concentration and m* is the effective mass of the carrier. The 
electrical conductivity, σ, and electrical resistivity, ρ, are related to   through the carrier 
mobility µ: 
                                                          
 
 
                                                       (2.13)                    
(Figure2.4) shows the compromise between high thermopower and large electrical 
conductivity in potential thermoelectric materials that must be achieved to maximize the 
thermoelectric figure of merit. The optimal temperature at which the figure of merit peaks 
is achieved at carrier concentration between 10
19
 and 10
21
 carrier per cm
3
. This type of 
carrier concentration is found in common metals and heavily doped semiconductors.  
To better optimize the Seebeck coefficient, the material should consist of a single 
type carrier. Mixed of both N-type and P-type carrier conduction will lead to both carriers 
diffusing to the cold end, resulting in canceling the induced Seebeck voltages.  Insulators 
and semiconductors are both low carrier concentration and show large Seebeck 
coefficients. However, low carrier concentration materials result in low electrical 
conductivity. 
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Figure 2.4 Seebeck coefficient, conductivity, thermal conductivity, and figure of merit 
with respect to free carrier concentration [10] 
 
 2.2.4.2 Effect of effective mass 
  
The effective mass of charge carriers are also an important factor in the finding an 
optimal value for ZT. It had been shown that large effective mass produces high 
thermopower, but low electrical conductivity [1].  The m* in (Equation 2.12) refers to the 
density of states effective mass, which increases with flat narrow bands and high density 
of states (d.o.s) at the Fermi surface. Effective mass also has an effect on the ZT similar 
to the carrier concentration; large effective mass increases the Seebeck coefficient, but 
decreases the electrical conductivity. Design consideration must be given to find a 
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material with an optimal effective mass, which gives rise to the largest ZT. Good 
thermoelectric material can be found within a wide range of effective masses and 
mobilities, starting with high mobility and low effective mass semiconductors (SiGe, 
GaAs), to low mobility and large effective mass polaron conductors (oxides, 
chalcogenides) [1]. 
2.2.4.3 Electronic Thermal Conductivity  
 
 Thermal conductivity is one of the most challenging properties to be controlled 
when optimizing for high thermoelectric figure of merit. According to the formalism of 
the figure of merit, choosing a material with a low thermal conductivity is a necessity.  
 The total thermal conductivity in semiconductors is the sum of contributions from 
phonons (κl) and the electronic contribution from carriers transporting heat (κe), which is 
given by: 
                                                                                                                           (2.14) 
                                                                                                                        (2.15) 
(Equation 2.15) relates     to the electrical conductivity, by Wiedmann-Franz law, where 
L is the Lorenz factor L= 2.4 10-8J2k-2C-2 for free electrons. The Lorenz factor can vary 
with material parameters, and particularly with the carrier concentration. Accurately 
measuring κe is important, while κl is usually computed as the difference between κ and κe 
in (Equation 2.14) using the experimental data of electrical conductivity. As high figure 
of merit requires high electrical conductivity and low thermal conductivity, the 
Wiedemann–Franz law reveals most natural materials will exhibit a conflicting trend for 
achieving high thermoelectric efficiency as materials with high thermal conductivity will 
also have high electrical conductivity. For materials with high electrical conductivity 
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(metals) or low    the Seebeck coefficient usually will exhibit high figure of merit ZT, as 
shown by the following (Equation 2.16)  for the case of   
  
       : 
                                                                                    
  
  
   
  
  
                                                   (2.16) 
2.2.4.4 Lattice Thermal Conductivity  
 
Glass type materials have the lowest thermal conductivity values. In such 
materials, thermal conductivity is viewed as the random transport of energy though the 
lattice rather than rapid transport via phonons which leads to the concept of minimum 
thermal conductivity [1]. However, glass type materials make poor thermoelectric 
materials due to the lack of needed poor electrical conductivity compared to crystalline 
semiconductors. Promising thermoelectric materials candidate are crystalline materials 
that are capable of scattering phonons without disturbing the electrical conductivity.  
 
2.2.5 Efficiency of thermoelectric power generation 
 
 The imposed heat gradient across a thermoelectric device is reduced by additive 
processes involving diffusion of heat and heat generation due to mobile carrier 
movement- Peltier effect. The resistive voltage drop of the device also detracts from the 
voltage available from the Seebeck effect. With these factors in mind, the power 
generation efficiency η, is given by 
                      
 
  
 
               
               
 
   
  
                                                     
where W is the power delivered to an external load and QH  is positive for heat flow from 
the source to the heat sink.   
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2.3 Complex thermoelectric materials 
 
2.3.1 Thin Film thermoelectric materials 
 
 Thermoelectric devices are attractive for the direct conversion of waste heat to 
electric voltage. Such devices have proven their reliability through extended use. They 
are silent, and more importantly are scalable [1]. The bulk of such thermoelectric 
materials are well studied among research groups, and methods for synthesis and 
characterization of this kind material form is also well established [1]. However, less 
attention is paid to the processing and characterization of low-dimensional structures at 
micro and nanoscale. Recent theoretical studies have shown that such low-dimensional 
structures may demonstrate a large enhancement of the thermoelectric figure of merit
4
. 
Hence processing of thin films and measurements of their thermoelectric properties is of 
great interest. The investigation of films and the freedom to engineer them at a nanoscale 
opens up a new window on understanding of the transport mechanism of.  
Studies have shown that in bulk thermoelectric materials, there is a drastic tradeoff 
between the Seebeck coefficient (α) and the free carrier concentration ( ) [1]. Therefore, 
in such materials   is chosen to better optimize the power factor P at a particular 
temperature T.  Great efforts have been made to decouple α and   to increase the P to be 
greater that of the bulk by thin film fabrication and/or electronic energy filtering- 
engineering band gap structure for large   in the tall potential barrier heterostructures [1]. 
However, more prominent enhancement of power factor P is made by the reduction of 
thermal conductivity κ due to interfacial phonon scattering [1]. A proof of this concept 
was recorded recently in an isotropic nanoparticle thin films that shown a κ that is a 
factor of 2 below the bulk alloy limitation [1]. This was due to enhanced scattering of 
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longer wavelength phonons
 [1]. This reduction in κ is achieved by enhancing the 
electrical conductivity σ due to an increase in the semimetallic nanoparticles effect. The 
nanoscale accuracy in engineering thin films by doping, alloying, and processing offers a 
great potential to the exiting efforts to increase the ZT of thermoelectric materials.  
 
2.3.2 Transition Metal Silicide Family-CrSi2 
 
In the most commonly-used thermoelectric materials such as (Bi2, Te3, PbTe, SiGe), 
the conduction and valence bands are comprised of states derived from the atomic s- and 
p- orbitals. But most thermocouples wire are made of materials such as (chromal, alumel, 
WRe, PtRh), have partially filled d- bands, because the Seebeck values are much higher 
for d-band alloys than for metals with completely filled or completely empty d-bands.  
Some of the silicide semiconductors that have partially-filled d-bands may be able to 
combine the Seebeck enhancement effect characteristics of transition metal alloys with 
the ability to achieve optimum doping levels typical of conventional thermoelectric 
materials. Semiconducting behavior is observed in only silicon-rich silicides. This is due 
to the fact that all bands must be either completely filled or completely empty at 0˚K for a 
material to exhibit semiconducting behavior. The alkali and alkaline earth elements have 
only one or two valence electrons and it‟s relatively easy to bring all of the valence 
electrons to interact, independent of the proportion of metal silicon atoms. On the other 
hand transition metals have many more valence electrons and if the silicon content is too 
low, the number of free carriers will be below the metal-insulator transition [7]. 
Transition metal (TM) silicides are potential materials for different high temperature 
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applications due to their high melting points and chemical stability at high temperatures
 
[7].  
Since thermoelectric power generation devices require high efficiency materials at 
elevated temperatures, CrSi2 is a possible candidate
 
[3]. CrSi2 is a great choice among 
TM silicides because of its semiconducting nature
 
[3], and its thermal stability in air up to 
1000˚K [3]. CrSi2 has a C40 hexagonal structure along with space group P6222. CrSi2 is 
an intrinsic semiconductor at high temperatures due to the small indirect band gap (0.35 
eV) which was confirmed experimentally and theoretically [3]. The room temperature 
(RT) Seebeck value of bulk CrSi2 is ~96µV/K and the electrical resistivity is of the order 
of 10
-3Ω cm [3]. The thermal conductivity at RT is ~ 10W/m-k. This high thermal 
conductivity of such material is dominated by phonon transport, and limits the 
thermoelectric figure of merit ZT. Several groups have tried to enhance the ZT of bulk 
CrSi2 by doping and grain size reduction
 
[3] with limited success. However, the limitation 
of ZT of bulk CrSi2 could be partially eliminated by using the thin film form rather than 
bulk form. This improvement can be achieved by inducing two effects. First, if such 
material is formed in a low dimensional structure, the electron system will be confined 
perpendicular to the layers and will behave as a 2D electron gas rather than a 3D system. 
First, a 2D gas has a higher density of states (DOS) and therefore higher power factor 
α2σ. Second, 2D system will enhance the ZT through the reduced lattice thermal 
conductivity due to an additional phonon scattering at the interface between the 
thermoelectrically active layer and the supporting substrate or barrier layer
 
[1]. 
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2.3.3 Thin Film Preparation Techniques  
 
 In this section, the physics and preparation techniques of thin films are discussed. 
Different thin film processes are presented. Substrate consideration for thin film 
depositions is also discussed. 
 
2.3.3.1 Physics of Thin Film Fabrication 
 
A solid material is called a thin film if it is built up, as a thin layer on a solid 
support, called substrate, ab initio [11] by controlled condensation of the individual 
atomic, molecular, or ionic species, either directly by a physical process or through a 
chemical process.  
Thin film materials are different from bulk materials in the following ways: 
 Density of material 
  May have a two dimensional (2-D) structure 
 Strongly influenced by surface and interface effects 
 Subject to stress, from lattice misfits with the substrate or difference in thermal 
characteristics between thin film and substrate. 
Thin film deposition process mainly involves the following three steps: 
 Emission of atomic, molecular, or ionic particles from source (target) either 
through heat or physical sputtering by the other atomic species. 
 Transport of these emitted particles to the substrate in vacuum.  
 Condensation of particles on substrate, either directly or through a chemical 
reaction to form a solid deposit. 
Formation of thin film (Figure 2.5) takes place via nucleation and growth, details of 
 21 
 
which are presented below. 
 The particles on impinging the substrate lose enough thermal energy to stay 
physically on the surface of the substrate. These adsorbed particles are known as 
adatoms. Typically, in this case the adatoms are attached to the surface through 
Van der Waal type bonding which has energies less than 0.3eV 
 
[12]. 
 The adatoms move over the surface by hopping from one location to another by 
surface migration. During this process, they interact with the other adatoms to 
form larger clusters. 
 These adatoms being thermodynamically unstable tend to desorb depending upon 
the deposition parameters such as flux rate and temperature. If the adatom reaches 
a stable cluster before desorbing, it enlarges the cluster. 
 Since these clusters are more immobile and thermally more stable than individual 
adatoms, they tend to remain at the locations where they are formed and grow in 
size and numbers. These are called islands
 
[12]. 
 In order to reduce the surface area, these small islands can fuse together to form 
bigger islands, known as agglomeration [12]. 
 These large islands continue to grow, leaving behind channels or holes of exposed 
substrate.  
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Figure 2.5 A schematic representation of thin film deposition process [13] 
 
2.3.3.2 Thin Film Formation Factors Dependency 
  
The following affect the formation of thin films: 
 Deposition techniques 
 Lattice and chemical properties of the deposited material. 
 Lattice and chemical properties of substrate 
 Similarity and dissimilarity of proprieties of deposited material and substrate 
 Surface irregularities or defects of the substrate 
 Rate of deposition and temperature of the substrate 
 Properties of transport medium such as argon gas or vacuum. 
 
2.3.3.3 Deposition Techniques 
 
Fabrication of thin films, which have been widely used in device making in the 
semiconductor and energy industries involve vapor deposition, ion beam deposition, and 
molecular beam epitaxy (MBE). The most commonly used ones are Vapor deposition 
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techniques. Vapor deposition techniques can be broadly divided into two categories: 
 Physical Vapor Deposition (PVD) and 
 Chemical Vapor Deposition (CVD) 
Physical vapor deposition (PVD) is a vaporization coating technique, which involves 
transfer of solid material from the source to the substrate on an atomic level in a vacuum. 
The vacuum pressure should be sufficiently low that the mean free path of the target 
molecules is greater than the chamber dimensions and the distance from source to the 
substrate
 
[12-13].  Physical vapor deposition technique can be further classified as: 
 Thermal Evaporation  
 Sputtering  
 
2.3.3.4 Thermal Evaporation 
 
Thermal evaporation, known as vacuum evaporation, is one of the most widely used 
deposition techniques. As the name suggests, this technique consists of evaporation of the 
solid material by thermally heating the raw material under vacuum and the evaporated 
material condenses onto a cooler substrate to form a thin film. An electric resistance 
heater in the form of tungsten filament or a boat is used to heat the source material. This 
process is carried out in vacuum so that the material in the form of vapor reaches the 
substrate without scattering against any other gas atoms and also to minimize 
contamination by impurities. Molecular Beam Epitaxy (MBE) is a sophisticated form of 
thermal evaporation [11-13], which uses a Knudsen effusion cells to collimate and direct 
the evaporated beam towards the substrate. 
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2.3.3.5 Sputtering 
 
Sputtering is a PVD process in which the target atoms or molecules are ejected by 
bombarding the solid target material source with energetic ions (Figure2.6). Usually 
argon gas (Ar) is used for bombarding the target. These ions upon impinging the solid 
material transfer energy and momentum to the target to release atoms and /or molecules 
from the target with energy and momentum. These atoms or molecules condense on a 
substrate to form a thin film. The concentration of Ar ions in Ar plasma inside the 
deposition chamber should be maintained large enough in order to sustain the sputtering 
process [11-13]. Sputtering process is characterized by a parameter called sputter yield 
(S), which is defined as the number of ejected target atoms / number incident (Ar) ions. 
Sputtering yield (S) depends upon: 
 Type of sputtering employed 
 concentration and energy of sputtering gas ions 
 properties of materials such as the mass and binding energy of target atoms 
 Geometry of the deposition chamber- target substrate distance  
 Presence of the sputter gas 
 Input electrical power 
 Presence, strength, and field pattern of the magnetic fields 
Using magnetron sputtering, in which a magnetic field is used to yield multiple sputtering 
events by the ions, can enhance the sputtering yield. 
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Figure 2.6 principle of magnetron sputtering system [14] 
 
2.3.3.6 Chemical Vapor Deposition (CVD) 
 
Chemical vapor deposition (CVD) is a process by which a solid thin film is 
deposited on a substrate by reacting vapor or liquid phase chemicals that contain the 
constituents of the thin film. The main difference between CVD and PVD is that in PVD 
the target material is in solid form where as in CVD it can be either a liquid or a gas. A 
pictorial representation illustrating the difference between CVD and PVD is shown in 
(Figure 2.7). 
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Figure 2.7 Pictorial representations illustrating the difference between CVD & PVD 
 
2.3.4 Thin Film- Substrate Consideration 
  
Choosing the right substrate material for thermoelectric thin films is very important. 
Thus, in thin film thermoelectric research, finding the right structure with the suitable 
properties to support the thin films is crucial. In order to effectively make use of the film 
properties, the following special consideration should be given in the choice of the 
substrate. First the film/substrate thickness ration should be as large as possible. Second, 
a substrate with a low thermal conductivity ought to be chosen .Third; a substrate having 
a lower electrical conductivity will be a good candidate [15]. 
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CHAPTER 3 
SPUTTERING, VACUUM SYSTEMS AND DESIGN OF THREE GUN SPUTTERING 
SYSTEM 
In this chapter, the physics of sputtering along with the details of various vacuum 
components and building blocks of a sputter system are presented. Details on the 
design and assembly of 3 gun sputtering system are also presented.  
 
3.1 Sputtering 
 
Sputtering is a process whereby atoms are expelled from a solid target material 
due to bombardment of the target by energetic particles created in plasma [11]. This 
phenomena was first observed by W.R GROVE after he observed that a cathode material 
transfer onto a polished silver plate during a gaseous discharge experiment [16].  
3.1.1 Physics of Sputtering 
 
The sputter process (Figure 3.1) occurs in four steps: (1) ions are produced and 
directed toward the target material to be deposited, (2) these high energy and heavy 
ions sputter atoms from the target, causing the release of target atom from the target 
bonds, (3) some of the ejected atoms are transported to the substrate in the chamber 
and (4) condense and form a thin film of the target material on top of the substrate 
[11]. When the target surface of the material to be sputtered is bombarded with atoms, 
ions or molecules at different energy levels, the following physical processes happen: 
(1) some of the incoming ions energy is transferred to the solid target material as heat 
or lattice damage, (2) a part of the energy causes some the atoms from the surface of 
the solid target to be dislodged and ejected into the gas phase [11].  
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Figure  3.1 A schematic diagram illustrating the metal deposition process in Argon 
sputtering [17]. 
 
Thin film deposition by sputtering is done inside a vacuum chamber with a gas such 
as argon injected into the chamber. The gas will be the only source of bombarding ions. 
The chamber is usually equipped with a target (cathode) and the substrate (anode) which 
is separated by 5 to 10 cm (Figure 3.2). A DC or RF power is applied between the anode 
and the cathode to drive the sputter process. Most of the sources that house the target 
material are cooled with water during the sputter process. The coolant water prevents any 
damage to the magnets behind the target from over-heating .In these systems, the 
discharge species is a plasma, consists of ions, electrons and neutral species in a quasi- 
neutral electrical state.  To make such a process more efficient and increase the yield of 
sputtering, magnets are often placed at the back of the target. During the sputter process, 
this magnetic field caused by the magnets can be used to trap secondary electrons close to 
the target (Figure 3.3). The electrons follow helical paths around the magnetic field lines 
resulting in more ionizing collisions with neutral gaseous near the target than would 
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otherwise occur. This enhances the ionization of the plasma near the target leading to a 
higher sputter yield (more sputtered target atoms). It also means that the plasma can be 
sustained at a lower gas pressure. The sputtered atoms are mostly electrically neutral and 
therefore, are unaffected by the magnetic trap. 
Once the plasma is ignited, positively charged gas ions start bombarding the 
negatively biased target, which lead to dislodging of target atoms through the energy 
transferred from the striking gas ions.  The target atoms ejected toward the substrate with 
sufficient kinetic energy will reach the substrates and be deposited on the substrate [11]. 
 
 
 
Figure  3.2 A schematic diagram of a vacuum chamber with plasma and the sputter 
environment inside it [18] 
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Figure 3.3 A schematic picture illustrating the Magnetron sputtering process [19]. 
 
Plasma sputtering can be divided into three sub categories based on the sources of the 
plasma discharge. They are: Direct current (DC), Alternating current (AC) and Radio 
Frequency (RF) sputtering. DC and AC sputtering are typically used in the process of 
depositing conducting materials, whereas RF sputtering is used to sputter insulating and 
semi conducting materials [20] 
 
3.2 Vacuum Systems 
 
Vacuum technology is an important aspect of the semiconductor technology. Many 
materials and device fabrication processes are carried out under vacuum conditions. This 
includes sputtering, ion implantation; plasma etching, chemical vapor deposition, and 
other fabrication processes. The deposition of electronic thin film materials is done under 
high vacuum conditions for many reasons, including (a) to increase the mean free path of 
the dislodged atoms which results in a higher sputtering yield, (b) to eliminate all reactive 
gases that would react with deposited atoms and cause impurities in the film, and (c) to 
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reduce the vapor pressure of the deposited material which in turn lowers the evaporation 
temperature of the deposited material.  
Vacuum is defined as a region in which the total pressure of all gases is below that of 
atmospheric pressure. In practice, a vacuum is usually created by eliminating atmospheric 
gases from a process chamber. The level of vacuum needed depends on the type of 
process or application. Vacuum levels can be divided in to four regions: 1. Low vacuum: 
(10
5
 to 10
3
Pa) or (760 to 25torr), 2. Medium vacuum: (10
3
 to 10
-1
Pa) or (2.5×10
-2
 to 
7.5×10
-4
torr), 3. High vacuum: (10
-1
 to 10
-4
Pa) or (10
-3
 to 10
-7
torr), 4. Ultra high vacuum: 
(10
-4
 to 10
-7
Pa) or (10
-7
 to 10
-12
torr) [30].  Typically, the processes of thin film deposition 
are carried out under the high and ultra high vacuum conditions.  
Vacuum chambers can easily become contaminated with impurities. This will occur 
due to real leaks in the chamber, desorption of moisture from the chamber walls, 
substrate holder, target material, and other components in chamber. Sometimes, virtual 
leaks will occur.  A virtual leak is the appearance of a leak in a vacuum system caused by 
slow release of trapped pockets of gases with limited conductance to the pumps. The 
level of vacuum required for processing dictates the type of materials used in the 
construction of the chamber, valves, pressure sensors and pumps. Also contamination 
happens during the process itself, and every time the chamber is exposed to the 
atmosphere for removing the processed materials or changing the target or cleaning the 
chamber. These contaminants result in degradation of vacuum quality [21]. 
 
 
 32 
 
3.2.1 Vacuum Pumping Mechanism 
   
The pumps used in a typical sputter system include both rough and high vacuum 
pumps. This is because no single pump has the capability to exhaust a chamber from 
atmospheric pressure down to the very high vacuum needed to deposit high quality films. 
The oil sealed mechanical pump can reduce the chamber from 1 atmosphere (760 Torr) 
down to perhaps a ten millionth of an atmosphere (about a millitorr) or so, and can 
exhaust directly to atmosphere. To go lower, a high vacuum pump must be used. Choices 
include an oil diffusion pump, a cryopump and a turbomolecular pump, each with its own 
list of pros and cons. We chose a turbomolecular pump as our primary high vacuum 
pump. The one we had available to us had many desirable features. First of all, it has a 
high pumping speed of 1100 liters per second. Second, it is a compound pump, meaning 
it has a special stage that increases its throughput and its compression ratio. Third, it is 
magnetically levitated and uses no oil or grease on bearings, and fourth, it can be 
mounted horizontally as well as vertically. A “turbopump” pumps all gases, but no 
equally well. Its performance decrease as the molecular weight of the species being 
pumped decreases, this effect is most noticeable for hydrogen and helium, but is also 
significant for water vapor. Since water vapor is a ubiquitous problem in high vacuum 
systems, we have also chosen to employ a cryopump in parallel with the turbopump.  
3.2.1.1 Oil-Sealed Rotary Mechanical Pump 
 
Mechanical pumps used in the vacuum technology are also known as roughing 
pumps. As the name implies, these pumps are used to achieve a rough or low level 
vacuum. However they have limited maximum obtainable vacuum. Mechanical pumps 
serve two important functions 1) to rough processing chambers from atmosphere to 
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medium vacuum and 2) to serve as a forepump for diffusion or turbomolecular high 
vacuum pumps [11]. There are two types of oil-sealed pumps: rotary-piston (Figure 3.4a), 
and rotary vane pumps (Figure 3.4b). Note that (Figure 3.4b) shows a two stage version. 
In both types, the gas being removed from the chamber enters the suction cavity when the 
inlet valve opens. The gas is compressed by a piston or a rotor and the compressed gas is 
exhausted to atmosphere through the outlet valve. The cavity in a mechanical pump is 
filled with oil, which serves to lubricate, cool, and acts as a seal between the spring-
loaded vanes and the walls of the pump. The faster the pump rotates, the faster the 
chamber will be evacuated. The pumps ultimate pressure is limited by the small amount 
of air that cannot be compressed above atmospheric pressure as well as by the vapor 
pressure of the sealing/lubricating oil. An inherent disadvantage to these pumps is the 
tendency of oil vapor, as the pressure enters transitional flow and approaches molecular, 
to freely backstream into the chamber. Therefore, one must take care to avoid exposing 
the chamber to an oil sealed pump at high vacuum. We rely on the turbomolecular or 
cryopump to achieve pressures in the high vacuum region [11].  
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Figure  3.4 (a) A cross-section view of a single state rotary-piston pump (b) A cross-
section view of a vane rotary pump (c) A figure illustrating principle of the pumping 
action (d) A view of a mechanical pump [11] 
 
3.2.1.2 Molecular Drag Pump (MDP) 
 
 The molecular drag pump-MDP is capable of producing a vacuum in the 10
-6
 Torr 
range when backed by a mechanical pump capable of proving a foreline pressure less 
than 10 Torr. The Alcatel MDP design (Figure 3.5) includes 3 different stages: 1) a 
preliminary stage with a row of blades for maximum conductance, ensuring the highest 
possible pumping speed, 2) a stage with multi-ribbed drum structure to ensure the 
maximum pumping efficiency and a high compression ratio, 3) a final stage with a 
dynamic seal which allows the pump to operate with high exhaust pressure.
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Figure 3.5 A cross sectional drawing of a Molecular Drag Pump [22] 
 
3.2.1.3 Turbomolecular Pump 
 
A turbomolecular pump (Figure 3.6) is one of the most common pumps used in 
the vacuum industry to obtain and maintain high vacuum. The principle of operation for 
this pump is that gas molecules are given a momentum in a desired direction by repeated 
collision with a moving solid surface. This occurs when the rapidly spinning turbine rotor 
inside the pump hits the gas molecules from the inlet of the pump towards the exhaust in 
order to achieve vacuum. Gas molecules that enter through the inlet get hit by the rotor, 
which has a number of angled blades. Thus, the mechanical energy of the blades is 
transferred to the gas molecules. Such exiting molecules gain enough energy to enter into 
the gas transfer holes in the stator. This leads the gas molecules to the next stage, where 
they collide again with the rotor surface. This process continues until gas molecules leave 
through the exhaust. The rotors are usually accelerated to a very high speed of about 
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56,000 rpm [21,23,24].  The majority of these pumps are designed with multiple stages 
consisting of rotor/stator pairs built in series (Figure 3.7). Gas from the chamber is 
captured first by the upper stages, then pushed into the lower stages and successively 
compressed to the level of the foreline vacuum (backing pump-mechanical pump) 
pressure 
While the diagram below illustrates a “standard” turbomolecular pump, the one 
we are using differs in that it incorporates a built in molecular drag stage, which increases 
its compression ratio and its throughput while permitting it to exhaust to a pressure as 
high as 2 Torr. This is referred to as a “compound” pump. It differs also from many 
others in that it does not rotate on bearings. The rotor is magnetically levitated. Thus, it is 
free of vibration and noise. 
 
Figure 3.6 A cross sectional photo of turbomolecular pump [25] 
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Figure 3.7 A cross sectional drawing of a Turbopump [26] 
 
3.2.1.4 Cryogenic Pumps 
 
Closed cycles, high vacuum cryogenic pumps (Figure 3.8) are widely used in both 
high and ultra high vacuum systems. Their usage is popular because of their ability to 
pump water vapor much faster than all other existing pumps, and they are by nature, very 
clean. Cryopumps remove gases from vacuum chambers by capturing these gases on cold 
surfaces. Such pumps can efficiently pump all gases in the pressure-range of 5×10
-3
 to  
10
-10
torr. The setup of a cryopump system on a vacuum chamber is shown in (Figure 3.9). 
The refrigerators have two stages used to cool two different surfaces with different 
temperatures, one at 65˚K and the other at 12˚K. In a system, the refrigerant (helium in 
this case) is compressed, cooled, and then allowed to expand. The refrigeration system is 
divided into two parts:  1) a two stage, mechanical reciprocating-expander (or old-head) 
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mounted within the vacuum vessel itself, 2) a compressor. The compressor compresses 
the returning helium-gas from the expander from 100psi to 300psi before sending the gas 
back to the pump. Thus the compressor needs to be connected to the expander by helium 
lines and cooling occurs by adiabatic expansion [11].   
The process of capturing the gas inside the chamber by the cryo pump involves 
both cryo-condensation and cryo-sorption. Cryo-condensation refers to the process where 
the unwanted gases from the chamber condense on the cold surface so that its vapor 
pressure becomes low enough to be effectively removed from the chamber. Cryo-sorption 
is the process where adsorption happens without condensation of a gas on a cold surface. 
Porous charcoal provides an enormous surface area at a molecular level and thus acts as 
the sorbent. Cryo-sorption is an important phenomenon when the cold solid surface 
exhibits a weak attraction for at least the first few monolayers of gas or vapor. Thus, this 
process will allow the cryopump to pump gases to pressures far below their equilibrium 
vapor-pressures [11], which is particularly important for pumping any He gas which may 
have entered the vacuum chamber. 
 Cryopumps consist of three pumping zones to entrap gases.  First is the pumping 
zone of the refrigerator which is held at 65˚K and is called the first stage. The main 
function of this stage is to condense water and other type-І gases (gases that condense 
above 80˚K). The second stage which consists of the other two pumping zones is held at 
12˚K. The role of the second zone, cryo-condensing zone, is to entrap N2, O2, Ar and 
other type-ІІ gases (gases that condense below 80K). The function of the third zone is to 
immobilize H, He, and Ne (type-ІІІ non condensable gases), and it‟s known as the 
cryosorbing zone [11]. The charcoal sorbent is “hidden” so that gases other than these 
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three have a low probability of reaching it. This is important because other gases would 
fill up the active sites in the charcoal and decrease its capacity for hydrogen, helium and 
neon [11]. 
Because a cryopump stores the gases it pumps, it must occasionally be 
regenerated. In the case of sputtering, it should be noted that our CTI Cryotorr 8 has a 
capacity of 1,000 standard liters of argon. At the flow rates we would be using (a 
maximum of 0.1 liters per minute) if, for some reason we chose to use only the cryopump 
(not the turbopump, we could run continuously for 10,000 minutes (160 hours). By which 
time, it would have captured about 4 pounds of argon [11]. 
 
Figure 3.8 A Photo of the CTI Cryotorr™ 8 high vacuum cryogenic pump [27] 
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Figure 3.9 A schematic diagram of the Cryo pump and refrigerator unit [11] 
 
3.2.2 Vacuum Process Chamber 
 
A stainless steel or glass chamber is usually necessary to process materials under 
vacuum conditions. Choosing stainless steel and glass for building the chambers is 
because of their corrosion resistance, non magnetic characteristics, and excellent out-
gassing characteristics. The vacuum chamber will be used to keep atmospheric gases and 
impurities away from the area of the deposition (Figure 3.10).  
The process chamber consists of a stainless steel 6 way cross with 4 each 13 ¼” OD, 1 8” 
OD and 1 6” OD Conflat™ flanges (Figure 3.10). We prefer to use metal seals in as 
many places as practical, thus minimizing elastomers which outgas and have a significant 
permeability to air.  
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Figure 3.10 A side view of the 6 way cross stainless steel chamber 
 
3.2.3 Pressure Gauges 
 
 As discussed in 3.1, the pressure in a process chamber can vary over a very wide 
range.  A single vacuum gauge if installed in the system will not be able to measure such 
broad range of vacuum levels as different types of gauges are effective in measuring 
different levels of vacuum. In our sputtering system, three vacuum gauges, Convectron™ 
gauge, ionization gauge, and a capacitance manometer are used. A brief description of 
these gauges is presented below.  
3.2.3.1 Convectron Gauge 
 
 Convectron™ gauge belongs to the family of thermal conductivity gauges, where 
the change in thermal conductivity of a gas is used to infer pressure. The operating 
pressure of such a gauge ranges from 10
-3 
Torr to 1000 Torr. Convectron™ gauges 
include usually a gold plated tungsten sensing wire surrounded by a cylinder wound with 
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Kovar wire. This cylindrical temperature compensator helps to reduce the effect of 
ambient temperature on the gauge reading. At low pressures, the sensing wire utilizes 
conduction cooling to sense the pressure. At high pressures, it utilizes convection cooling 
in which gas flows in a turbulent manner. The space provided inside the compensator 
helps to develop convection currents at higher gas densities, improving the resolution of 
the gauge. Since the gauge uses convection currents to measure at high pressures, the 
orientation of the gauge is critical. Hence, the convectron gauge device must be mounted 
horizontally (Figure 3.11) [28].  
 
 
Figure 3.11 A cross sectional view of the Convectron™ gauge [28] 
 
3.2.3.2 Ionization Gauge 
 
Pressures in the high vacuum range are measured by ionization gauges.  The gas 
pressure can be inferred from the degree of ionization resulting from electron impact of 
the gas molecules. Ionization gauges are designed to measure pressure in the medium to 
ultra high vacuum range (10
-3
torr to 10
-11
torr). Although there are both cold and hot 
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cathode types, we are using a hot cathode ion gauge. This gauge (Figure 3.12) contains a 
thin ribbon filament, typically tungsten, which is heated to a temperature of about 
1800˚C. The filament emits electrons which are accelerated to a grid anode. The electrons 
“collide” with gas atoms which become ionized. The ions are collected on an ion 
collector operated at zero voltage with respect to the electron collector. Within the 
operating range of the gauge, the current produced at the ion collector is a linear function 
of the gas pressure [28].  
 
 
Figure 3.12 A Schematic diagram of the hot cathode ionization gauge [28]. 
 
3.2.3.3 Capacitance Manometer Gauge 
 
 Capacitance Manometer is considered an “Absolute” gauge because it measures 
force directly and its reading does not depend on the nature of the gas being measured. 
Capacitance manometers can provide an accurate measurement down to a pressure as low 
as 10
-5
 Torr. They measure the change in capacitance due to the minute deflection of a 
diaphragm relative to a fixed plate. One side of the diaphragm is exposed to the process 
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chamber. The other (reference) side is a sealed chamber held at a reference pressure, 
typically in the ultrahigh vacuum range. The diaphragm is the variable element in a three 
terminal capacitance potentiometer (Figure 3.13). The gauge is commonly used in 
sputtering processes to accurately measure the gas pressure in the chamber [11, 28].  
 
Figure 3.13 A diagram of a capacitance manometer [29] 
 
3.2.4 Sputter Sources 
 
The magnetron sputter source, sometimes called “sputter gun”, contains the target 
material to be deposited. There are several important factors in the design of a sputter 
source: (1) heat dissipation, (2) electrical contact and isolation, (3) magnet configuration, 
(4) material used for construction, (5) dark space shield/ electron capture region and (6) 
size [30]. 
Sputter deposition is inherently inefficient as perhaps 75% of the input energy is 
dissipated as heat at the target (cathode), 1% in to the expulsion of the target atoms and 
the remaining energy is carried away by secondary electrons. Hence, the target must be 
cooled [31]. Electrical connectors (RF and DC) must be designed for minimal power 
losses and must be properly grounded. [30, 31]. 
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The most common material used in constructing a sputter head is stainless steel 
because of its high corrosion resistance and poor thermal conductivity [30, 31]. To 
prevent unwanted discharge to the anode, a shield is placed adjacent to the cathode at a 
distance less than that of the Crookes dark space. Such a shield is called a “dark space 
shield”. This assures that the plasma discharge is at the front face of the target. 
Examining the target material after multiple sputtering runs usually shows that a ring near 
the outer rim of the target erodes faster than the rest of the target because of the annular 
shape of the plasma as confined by the magnetic field lines. In our system we have 
installed three sputter sources facing down on the substrate at an angle of 15.64
o
 to the 
vertical axis. Each sputter gun contains a 2” target. The sputter guns can be energized by 
either RF or DC power supplies. The three sources are constantly cooled during 
deposition using chilled water supplied from a recirculating water chiller. Each sputter 
gun has a shutter. The shutter remains closed when the power is first turned on because 
the surface of the target, having been exposed to air, may contain contamination. Pre-
sputtering against the shutter removes surface contaminants from the target surface and 
assures that the bulk target purity is available for deposit onto the substrate. 
 
3.2.5 Thin Film Thickness/Rate Monitor  
 
Thin film deposition monitor (Figure 3.14) is a typical part of most high vacuum 
systems. They monitor the thickness of a thin film during deposition (In-Situ). The most 
common monitors use a quartz crystal microbalance (QCM) as the sensor.  
 The QCM calculates mass per unit area by measuring the change in the frequency 
of a quartz crystal sensor onto which some of the sputtered material deposits. The 
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resonance of the crystal is modified proportional to the amount and type of deposited 
atoms on the surface of the acoustic resonator. The measurement is actually of mass 
change, so the kind of material being deposited and the film density must be known. Rate 
of deposition is determined by taking the first derivative of the shift in resonator 
frequency. However, since the sensor and the actual substrate are in different locations, 
they do not receive the same amount of deposition. Therefore, the user must perform a 
calibration and assign a “tooling factor”. Our three gun sputtering system incorporates a 
thickness monitor manufactured by Inficon.  
 
Figure 3.14 A photograph of INFICON thickness monitor 
 
3.2.6 Residual Gas Analyzer (RGA) 
 
 A quadrupole residual gas analyzer is used to measure the individual partial 
pressures of gases in a mixture. It is capable of identifying all gas species present inside a 
high vacuum chamber by ionizing, separating, identifying, and measuring the quantity of 
each. The RGA consists of a sensor which operates at high vacuum levels, associated 
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electronics and computer software to control and display the measured spectrum [32]. 
The sensor consists of an ion source, a quadrupole mass filter and an ion detector.  
The ion source is placed at the top of the sensor and contains a heated filament 
that produces electrons. These emitted electrons are accelerated by a grid and collide with 
gas molecules ionizing them in much the same fashion as in an ionization gauge 
described earlier. The final product will be a mixture of ions of the gas molecules 
proportional to their partial pressures and relative ionization efficiencies.  
The Quadrupole is a mass filter and consists of 4 parallel circular rods. The filter 
separates ions based on their mass to charge ratio. Each opposing rod pair is connected 
together electrically, and RF voltage is applied between the two pair. A DC voltage is 
superimposed on the RF voltage. Ions from the ion source travel down the quadrupole 
between the rods. Only ions of a certain mass-to-charge ratio will reach the detector for a 
given ratio of voltages and all other unstable ions will collide with the rods. By varying 
the applied voltage, we can scan over a range of ions with specific mass to charge ratio 
[24]. Ions that made it through the biased rods will strike the detector, become neutralized 
and draw a current that is proportional to the rate of striking and the charge on the ions. 
Masses are scanned and the resultant ion currents are displayed on the monitor in various 
formats. The RGA is used to detect and locate leaks in the vacuum system. The presence 
of a leak to air is noted by the presence of nitrogen, oxygen and argon in the approximate 
ratio 79/20/1. A leak is located by tuning to m/e 4 and probing suspected areas with 
helium as a tracer gas. RGAs are used very often to monitor the nature and pressure of 
contaminant gasses inside the chamber. The RGA (Figure 3.15) that was used in our 
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system has a mass range of 1-100 atomic mass units (AMU) and operating pressure range 
of 10
-11
 Torr to 10
-4 
Torr.  
 
 
Figure 3.15 A photograph of a Quadrupole Residual Gas Analyzer (RGA) [33] 
 
 
3.3 Design of 3 Gun Sputtering System 
 
3.3.1 Design Motivation 
 
 A three-gun sputtering system was fabricated to overcome the limitation of the 
current sputtering system in the solid state fabrication laboratory at UNLV. The current 
system has seen regular use since its design completion, but its limitation have become 
apparent. First, its base pressure of 2×10
-7
 Torr, consists mostly of water vapor. Second, 
the backing pump is a 2-stage oil sealed mechanical pump, and although trapped, still 
results in a small, but detectable level of hydrocarbons even when the system is roughed 
down. Third, there is no provision for heating the substrate. Fourth, there is only a single 
 49 
 
sputter source. Even if a target cathode with the desired percentages of multiple 
constituents can be acquired at reasonable cost, it is unlikely that the sputtered film will 
exhibit the same stoichiometry as the target due to varying angular deposition efficiencies 
of constituents of the target. Therefore, investigation low dimensional ternary alloys 
thermoelectric materials was not possible with the current single sputter gun. A new 
commercially available three cathode sputter system would be very costly. Our goal was 
to build one in house which would overcome the limitations of our current system. 
 
3.3.2 Design Methodology 
 
 Over the course of the past several years, our laboratory was fortunate in 
becoming the beneficiary of a number of high vacuum donated components. The moment 
the necessary vacuum components and parts were available, it was decided to design and 
build a larger sputtering system with the capability of sputter depositing simultaneously 
or sequentially from three independent sputter sources in-house.  
 The starting point for the design was a stainless steel chamber with four each 13 
¼” OD, one 8” OD and one each 6” OD Conflat™ flanges (Figure 3.16), along with a 
new magnetically levitated, compound, 1100 liter per second turbomolecular high 
vacuum pump, a brand new mechanical pump, and a used molecular drag pump. 
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Figure 3.16 A drawing of the stainless steel 6 way cross chamber 
 
 One of the criteria of our design was to reduce the background contamination 
before and most importantly, during deposition. So, to achieve a film with less than 1% 
impurities, it is necessary to use a high purity target, high purity gas for plasma 
generation, and to control the impurities emanating from the chamber and the system as a 
whole to remain below a certain level. Typically, we deposit a 1 micron thick film in one 
hour, which translates to a deposition rate, is ~3 Å/sec. If we wish to maintain at least 
99% purity in the film, we must keep the background contaminants so low that their rate 
of bombardment on the growing film is <1% of our deposition rate, or 0.03 Å/sec. If we 
assume a sticking factor of unity for contaminants, the contaminant partial pressure must 
be kept below 7×10
-9 
Torr. We, therefore, try to evacuate the chamber to a very high 
vacuum, paying particular attention to the partial pressures of oxygen, q water vapor, 
carbon monoxide, carbon dioxide and hydrocarbons. Then, if we use 6 nines pure argon 
and sputter at 1 millitorr, the argon will add no more than1×10
-9 
Torr of impurities. If we 
can accomplish those goals, there will be no more than 1% impurity in the film. 
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Merely reducing the initial background level does not guarantee that during 
deposition, the level will remain low. In batch systems that are vented and pumped with 
each new substrate, the gases adsorbed on the surfaces in the chamber are never 
completely removed with each pump cycle. When deposition begins and the source and 
the substrate are heated up, the desorption rate from surfaces will be enhanced as a result 
of thermal desorption, as well as plasma bombardment. Even if the background is 
monitored by a “closed source” mass spectrometer, it will be very difficult to detect 
1×10
-09 
Torr of water vapor in 1×10
-03 
Torr of background argon. A further complication 
arises if there are any oils or greases on surfaces in the chamber. So-called “vacuum 
greases” and “high vacuum lubricants” may have a very low vapor pressure at room 
temperature, but their equilibrium vapor pressure is a logarithmic function of the 
temperature. So a grease advertised as having a room temperature vapor pressure of 
1×10
-9 
Torr may have a vapor pressure of 1×10
-08 Torr with a mere 20˚C  surface 
temperature rise. Additional sources of potential contamination are elastomeric seals. 
Even un-lubricated, elastomeric seals can be a problem because of permeation. 
Permeation rate increases with the linear amount of surface and with temperature, and of 
course, varies with the nature of the material itself. Therefore metal seals 
(Conflat™ flanges) are preferred and Viton O-rings are used only where elastomers are 
necessary or offer significant practical advantages.  
 It has become common practice in the industry to pump a system to below 5×10
-07 
Torr, then to significantly (often by as much as a factor of 10), throttle the high vacuum 
pump, introduce pure argon and begin sputter deposition. The argon pressure in the 
chamber is maintained constant by a feedback loop which either varies the argon flow 
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(“upstream” pressure control) or varying the pump throttle valve (“downstream” pressure 
control). To maximize the pumping speed of contaminants in the chamber, it is best to 
minimize and hopefully avoid throttling these valves. This means, however, that our 
argon flow rate must be very high. If our pump has a speed of 1,100 liters per second, the 
argon flow must be 1.1torr-liters/second (100 sccm; or about 4.5 ×10
17
 atoms/sec) if we 
wish the chamber pressure to be in the millitorr range. Now, if the turbopump foreline 
(exhaust) must be less than 5 Torr, and since the flow is 1.1 torr-liters/sec, the backing 
pump must have a volumetric speed of 0.22 liters/second (0.47 cfm). This can be 
accomplished with a small 3 or 4 stage diaphragm pump or even with very small oil 
sealed mechanical vacuum pump. But we will need a much larger vacuum pump to 
“rough” the chamber after changing substrates or targets. For our size chamber which has 
a volume of about 1.5 cubic feet (42 liters), our 30 cfm pump would be more than 
adequate. This pump is being used to rough the chamber, and then by operating valves in 
a proper sequence, to back the turbopump.  
The turbopump was mounted horizontally for two reasons. Although protected by 
a screen, any items and debris falling into the mouth of the pump (which would damage 
the turbo beyond repair) must be avoided. Secondly, it allows us to use the bottom flange 
for the heated rotary substrate table. The top flange (Figure 3.17) houses the three sputter 
sources and their shutters (Figure 3.18). The sputter sources (Figure3.19) are installed at 
angle such that an imaginary line extending down from the center of each, meet at the 
surface of the substrate at an angel of 15.64˚ to the vertical axis (Figure 3.20). In other 
words, the material sputtered from each gun will combine on the substrate. The final 
assembly of the three sputter gun top flange mounted on top of the chamber is shown in 
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(Figure 3.21). This arrangement allows simultaneous or sequential depositions. Films of 
virtually any composition (limited by physical properties such as film stress and material 
compatibility) can be fabricated inexpensively and easily. A large hinged door is installed 
to allow quick and easy access to the substrate table.  
 
Figure 3.17 A schematic diagram showing top flange-housing for sputter guns and 
shutters 
 
 
 
 
Figure 3.18 A schematic diagram of top flange with sputter sources and shutters installed 
 
 54 
 
 
Figure 3.19 A schematic diagram of the three sputter sources-guns used 
 
 
Figure 3.20 A schematic diagram illustrating the focus of the three guns to the location of 
the substrate. 
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Figure 3.21 A drawing of the of the deposition chamber 
 
3.3.3 Results of pump down 
 
 The system as shown in (Figure 3.22, 3.23 and 3.24) was connected to a constant 
flow of cooled water and the appropriate power supplies. The vacuum system‟s 
performance is excellent. We installed the RGA on the pump side of the gate valve which 
allowed us to find large leaks in the chamber. If the leak were on the chamber side, the 
gate valve will be throttled, admitting a sample from the chamber into the RGA allowing 
us to leak check using helium gas as a tracer. After finding and repairing a few leaks, the 
system pressure was at 2×10
-7 
Torr, and the RGA showed a spectrum characteristic of a 
leak-tight system. 
 The typical hydrocarbon peaks at 27, 29, 41, 42, 43, 55, 56 and 57 were barely 
visible at the bottom of the negative ten scales. The most significant and noticeable peaks 
were those of nitrogen and oxygen which were much higher than the water peak. Even 
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the argon peak was visible. The gauge in the foreline read 2 Torr, not 2×10
-3 
Torr as we 
expected. Since the compression ratio of the turbopump for nitrogen and oxygen is 10
7
 to 
1, 2 Torr in the foreline translated to 2×10
-07
 on the high vacuum side. The brand new 
mechanical pump has a base pressure of 2 Torr. To further reduce the foreline pressure, a 
molecular drag pump was installed between the mechanical pump and the turbo 
molecular pump. The drag pump has a rated pumping speed of 25 liters/second, can run 
continuously at an inlet pressure of up to 0.76 Torr, has an ultimate pressure in the 10
-6
 
Torr region and can exhaust to a pressure as high as 10 Torr. When the molecular drag 
pump was installed in the foreline reducing the foreline pressure from 2 Torr to 10
-5
 Torr, 
the system was no longer limited by back diffusion  and rapidly pumped to 8×10
-08 
 Torr 
and over night to 2×10
-08 
Torr. Now, the major peak was water vapor as expected, not air. 
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Figure 3.22 A symbol representation of the 3 gun sputtering system 
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Figure 3.23 A photograph showing an inside look of the chamber 
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Figure 3.24 A photograph showing the three gun sputtering system 
 
Next, we estimated the maximum throughput of the system to be sure each 
element of the pumping group could handle the desired load. It is desirable to run process 
with the turbopump unthrottled if possible. During process, surfaces get hot and are 
bombarded by energetic ions and reflected electrons. Various gases are desorbed and 
enter the deposition environment and the plasma. Maintaining the maximum pumping 
speed during processing, results in the lowest partial pressures of contaminants as they 
desorb from surfaces. 
The turbopump has a speed of 1100 liters per second. The highest chamber 
pressure we anticipate during sputteringt is 5 millitorr. At that pressure, the flow is 
laminar and there will be only a small conductance loss. The gas load will be 
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approximately 1,000 liters/second at 5×10
-03
 Torr, or about 5 torr-liters/second (400 
sccm). The molecular drag pump, operating at 25 liters/ second, will produce a foreline 
pressure of 0.2 Torr. The mechanical backing pump has a speed of 30 CFM (~14 
liters/sec), so the exhaust pressure at the molecular drag pump would be about 0.4 Torr, 
which is in the proper range for the drag pump, as well as for the mechanical pump. 
However, since the mechanical pump has an ultimate pressure of only 2 Torr, the foreline 
pressure in the drag pump would be 2 Torr plus 0.4 Torr (about 2.4 Torr).   
 The quadrupole gas analyzer spectra (Figure 3.25, 3.26 and 3.27) illustrates the 
    
      
 
 
 
 , versus partial pressure. It is observed from (Figure 3.25) that when the 
system was turned on for the first time, high nitrogen (N) at  
 
 
  of 28 and Oxygen 
(O2  
 
 
   of 32 peaks, were observed making the vacuum level to stay in 10-05 Torr scale. 
When we repaired a few leaks, but had not yet added the molecular drag pump, the 
yellow spectrum in (Figure 3.26) was recorded.   
It was observed from the green RGA spectrum in (Figure 3.26), that the vacuum 
level in the chamber gets much better after installing the molecular drag pump between 
the turbopump and mechanical pump. (Figure 3.26) compares the chamber vacuum with 
the drag pump installed, but not operating (yellow line) after the drag pump is turned on 
(green line). A dramatic decrease of the Nitrogen and Oxygen peaks occurs just minutes 
after turning the drag pump on. Hence, the pressure in the chamber went down to the high 
10
-08 
Torr. The system pumped overnight to the mid 10
-09 
Torr range, leaving the water 
peak  
 
 
   of 18 as the major one as expected (Figure 3.27).  
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Figure 3.25 Quadrupole gas analyzer spectrum after initial pump down 
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Figure 3.26 Before (Yellow) and after (Green) RGA spectrum showing effect of reducing 
the foreline pressure of the turbopump by adding a molecular drag pump 
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Figure 3.27 Quadrupole gas analyzer spectrum of mass to charge ratio versus partial 
pressure-at the present 
 
 
 
 
 
 
 
 64 
 
CHAPTER 4 
EXPERIMENTS 
 
In this chapter, we describe the experimental procedures and results involved in the 
processing and characterization of CrSi2 thin films.  Details of the tools used for 
fabrication and characterization of CrSi2 thin film samples along with the necessary 
background are also discussed. 
4.1 Processing and Characterization of CrSi2 Thin Films 
 
4.1.1 Substrate Preparation 
 
Quartz glass substrates were chosen as a supporting structure for thin film 
deposition. The substrates were first cleaned with deionized water in an Aquasonic bath 
for 10 minutes and then with methyl alcohol. The substrates were then dried out with 
Nitrogen gas and heated with a heat gun before insertion to the sputtering chamber. The 
substrates have a thermal conductivity of 1.38W/m-K and electrical resistivity >> 
10
18
 Ω·m. Using a diamond saw, the substrates were cut into samples of appropriate 
dimensions for the Seebeck and resistivity measurement. Sample size for the Seebeck 
measurement was 0.5”×2” and for the resistivity measurement was 0.5”×1”. 
4.1.2 Thin Film Fabrication 
 
 A home-made one gun magnetron sputtering system with RF and DC deposition 
capabilities was used to fabricate the CrSi2 thin films. A schematic diagram of the 
sputtering system along with its all main components is shown in (Figure 4.1). 
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As illustrated in (Figure 4.1), the deposition chamber is connected to a mechanical 
and a turbo molecular pump. These pumps are coupled to each other and to the chamber 
through a roughing valve. Before the process of deposition, the chamber was roughed 
down to 10
-3
 Torr region using the mechanical pump, followed by evacuation by the high 
vacuum turbo pump to bring the chamber down to the low 10
-7 
torr range. The vent valve 
is closed during the deposition. Typically the best vacuum level that can be achieved in 
this equipment is around low 10
-8
 torr. The system is equipped with a 1000W DC power 
supply and 1000W RF power supply. The RF power supply consists of a tuning and 
match box. The system is equipped with a convectron gauge along with an ion gauge for 
measuring the vacuum pressure. The system is also equipped with a circulating water 
chiller to cool the turbo pump and the sputter gun.     
Inside the vacuum chamber, there is a rotatable substrate table driven by a motor 
located outside the chamber. The system is equipped with a sputter Gun equipped with a 
commercial 2”-diameter CrSi2 target (Plasmamaterials Inc., U.S.A). The distance 
between the target and the substrate is 3” apart. In order to remove surface contamination, 
the target was pre-sputtered for 10 minutes before deposition with the shutter for the 
sputter gun closed.  
CrSi2 thin films were prepared using RF sputtering. The base pressure of the system 
was about 1.2×10
-7
 torr. Depositions were carried out at 200W RF without additional 
heating of the substrates in an Ar atmosphere at a pressure of 1 mtorr.  The sputter 
depositions of 7 and 37 minutes led to 0.1 µm and 1 µm, thick film, respectively. 
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Figure 4.1 A Photograph showing the sputtering system used in processing along with its 
all components 
 
4.1.3 Thin Film Characterization  
 
4.1.3.1 Thickness Measurement 
 
The thicknesses of the as-deposited thin films were determined using a Veeco Dektak 
6M Stylus Profilometer. The Dektak Surface Profiler is a microprocessor-based 
instrument which allows precise step height measurements for thin films down to less 
than 100 Å, as well as thick-film measurements up to several hundred µms. The system 
includes a Low Inertia Sensor 3 (LIS 3), an innovative head that incorporates key 
technology advances to deliver extremely repeatable measurements with unprecedented 
sensitivity and flexibility. This system has capability of long scans up to 30 mm with 
extremely stable baseline and up to 60,000 data points per scan. (Figure 4.2) shows a 
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typical Veeco Dektak 6M Stylus Profilometer used for measuring the thickness of thin 
films. 
 
Figure 4.2 A photograph of a Veeco Dektak 6M Stylus Profilometer 
 
4.1.3.2 Thin Film samples Annealing  
 
A study investigating the influence of annealing temperature on the structural and 
electronic properties was performed. For this purpose, the samples were annealed at 
various temperatures and various times in an Ar ambient. The thin film samples were 
placed on a quartz boat (Figure 4.3). Then, the boat was placed inside the high 
temperature tube furnace 54500 and heated to 300˚C, 400˚C, 500˚C, and 600˚C for 60 
and 120 minutes, with a constant Ar pressure of 695 Torr. 
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(a)                                        (b) 
Figure 4.3 A Photograph showing (a) furnace and (b) quartz boat used for annealing 
requirements. 
 
After annealing, the annealed thin films were characterized for structural and 
electronic properties. Results of the measurements were compared to one another and to 
as-grown samples. 
4.1.3.3 Thin Film Structural Analysis  
 
X-rays are electromagnetic radiation of wavelength on the order of 1 Å, which is 
about the same size of an atom.  Discovery of X-rays has enabled scientists to probe 
crystalline structure and chemical composition of different materials and thin films. Each 
solid crystalline material has its unique powder X-ray diffraction pattern, which can be 
used to determine the material structure [26].  
The unit cell structure of any compound can be determined by analyzing the 
diffracted X-ray beams in accordance with the Bragg's law.  Bragg‟s law is given by the 
equation 5.1, where„d‟ is the interplanar distance, 'θ' is the angle of incidence with respect 
to the plane of incidence and „λ‟ is the wavelength of the incident beam. As per Bragg's 
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law, depending upon the path difference between the two reflected beams from inter 
planar atoms, they either add up constructively or destructively resulting in a intensity 
pattern on diffraction plates.  
                                                nλ = 2dsin (θ)                                                        4.1 
By matching the incident angles of maximum intensity with that of known crystal 
structure, the crystal structure along with the lattice constants, which describe a unit cell, 
can be obtained.  Figure 4.4 illustrates diffraction from the crystal and Bragg‟s law. 
 
Figure 4.4 A schematic diagram showing X-ray diffraction from crystal planes with inter-
planar distance (d) [27]. 
 
X-ray diffraction analyses were performed on all thin films before and after 
annealing using diffractometers at UNLV and Idaho National Laboratory (INL). At 
UNLV X-ray diffraction pattern were taken using a Bruker-AXS D8 Vario Advance 
using a Johansson-type primary monochromator with Cu kα1 emission (λ=1.54063Å) 
(Figure 4.5). In this setup, the incident beam angle, θ, was kept at 5˚, and the patterns 
were collected by a detector scan from a refracted angle, 2θ,10-90˚. Since the 
facilities at UNLV don‟t allow parallel beam optics, the samples were also measured 
at the INL instrument which is equipped with parallel beam optics. At INL, the 
patterns were taken using Bruker-AXS D8 Discover, which uses a High-resolution 
Gobel Mirror and parallel beam optics Cu Kα1 (λ= 1.54059  ) and Cu Kα2 ( 
λ=1.54449     Figure 5.6 shows a schematic diagram of the high resolution Gobel 
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Mirror beam path. X-ray diffraction scans were performed under a pseudo-grazing 
incident mode with fixed incident angle of 5˚ and a detector scan from refracted angle 
2θ, 10˚ to 60˚. 
 
 
Figure 4.5 A Bruker-AXS D8 Vario Advance-UNLV 
 
 
Figure 4.6 A schematic diagram of High Resolution Gobel Mirror beam path - Gobel 
Mirror-INL 
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4.1.3.4 Energy Dispersive X-ray Diffraction (EDAX) Analysis 
 
EDAX also sometimes referred to as EDS analysis, is a technique used for 
determining the elemental composition of the specimen. The EDAX analysis system 
provides analytical chemical information when equipped on a Scanning Electron 
Microscope (SEM). In EDAX Analysis, the specimen to be analyzed is placed inside the 
SEM and bombarded with a 100-200KeV electron beam. The bombarding electrons 
collide with the electrons of the specimen atoms, knocking some of them off their 
electronic shell leaving an inner electron shell hole in the process. During this process, an 
electron from an outer electronic shell lowers its energy by filling this inner electronic 
shell hole. The difference in energy between the two energy states is radiated as X-ray. 
Furthermore, the energies of the X-rays are characteristic of the radiating element.  This 
allows the chemical composition to be inferred from this measurement. Thus, by 
measuring the intensities and energies of the emitted X-rays, the chemical composition of 
the specimen can be inferred [29]. 
Composition of all thin film samples (before and after annealing) were obtained using 
a JOEL electron probe microanalyzer (EPMA) model JXA-8900 equipped with a 
scanning electron microscope model JSM-5610, a photograph of which is shown in 
(Figure 4.7). 
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Figure 4.7 A photograph of SEM-EPMA system. 
 
4.1.3.5 Resistivity Measurement 
 
A four-point probe instrument at Arizona State University (ASU) was used for 
this work.  It consisted of a SIGNATONE probe station (four probe tips), an ampere 
meter (FLUKE8010A), a DC current source (HP6181C), and a voltmeter 
(KEITHLY195). This set up shown in (Figure 4.8) can measure resistivity of thin film 
material at room temperature.  A schematic set up of the measurement is shown in 
(Figure 4.9).  A current source is used to supply a known current through the outer pin 1 
and collected from pin 4, and the resultant voltage drop measured, between pins 2 and 3, 
using a very high-impedance voltmeter, in order to minimize the amount of current flow 
between pins 2 and 3 to an insignificant level. I(µA-mA) versus V(mV) were measured 
and analyzed. If probes are placed with uniform spacing (s) on an infinite slab material, 
then the resistivity, ρ, is given by: 
 
Secondary 
electron 
detector 
Chamber 
Imaging using 
SEM 
EDAX 
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                                                (4.3) 
   with “t” representing the thickness of the thin film. For shallow layers, the above 
equation yields the sheet resistance as 
                          
 
 
  
  
   
  
 
 
      
 
 
                               
 
Figure 4.8 A photograph of a four-point probe resistivity measurement system (ASU) 
 
 
Figure 4.9 A 4 probe point resistivity sample setup [11] 
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4.1.3.6 Seebeck Measurement  
 
A Seebeck voltage measurement device, as shown in (Figure 4.10), was designed and 
built to measure the Seebeck coefficient of the CrSi2 films at room temperature. The left 
part of the device (hot side) and right side of the device (cool side) were regulated using 
18.8 W Peltier cells which were controlled with a microcontroller and H-bridge using 
programmable software. The designed circuitry was used to systematically vary the 
thermal gradients across the films. To ensure good thermal and electrical contacts, 
mechanical pressure was applied to the top of the substrate. The temperature gradient was 
measured with two K-type thermocouples (0.1mm diameter, accuracy ±1˚C) located at 
the surface of the films. The induced voltage was measured using an Agilent 34401A 
digital multimeter. The estimated accuracy of the Seebeck coefficient measured was 
±5%. The accuracy of the measurement was verified by measuring the Seebeck 
coefficient of standard bulk and thin film Ni samples with known Seebeck coefficients. 
The Seebeck voltage of Ni 201 foil bulk alloy was measured at room temperature with a 
thermal gradient of ∆T=20˚C, resulting in 20µV/K which agrees with reported data. 
Seebeck coefficient measurement were carried out on a 1 µm as sputtered film and 1 µm 
annealed film at 300˚C, at room temperature with a thermal gradient of ∆T=20˚C. The 
measurements yield a Seebeck coefficient of ~9µV/K for the as sputtered Ni film and ~ 
18µV/K for the annealed Ni film. Hence, the results confirm the excellent validity and 
accuracy of the apparatus as the data of the annealed Ni film falls within experimental 
error of the bulk Ni value. 
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(a) 
 
 (b) 
Figure 4.10 (a) A schematic showing the Seebeck measurement apparatus (b) A 
photograph of the actual apparatus along of the electronics box 
 
 
 76 
 
CHAPTER 5 
RESULTS AND DISCUSSION 
 
Thin Films deposition was carried out under the following conditions, power, 200W, 
base pressure of 2.0×10
-7 
Torr, Argon gas pressure of 1mtorr, target pre-sputtering time, t 
of 5min, time of deposition of 7min for 0.1µm thin films, and 37min for 1µm thin films. 
The target to substrate distance was kept at 3”. The films were deposited on quartz slides. 
Compositional and structural analyses of thin films were performed using Scanning 
Electron Microscope (SEM) and X-ray Diffracto - meter (XRD). Thin film samples were 
characterized with respect to their electrical and thermoelectric properties using four 
probe point resistivity system, and Seebeck apparatus system, respectively.  
 
5.1 Thin Film Characterization 
 
5.1.1 Thin Film Thickness 
 
 CrSi2 was deposited as thin films on quartz slides substrate using sputtering 
process described in chapter 4. As mentioned in chapter 4, thin films of two different 
thicknesses, 0.1 µm and 1 µm, were deposited. Tuning the sputtering process for these 
two thicknesses was done by initial deposition calibration. The calibration was done by 
varying the time of deposition. The thicknesses of the two films were determined using a 
Veeco Dektak 6M Stylus Profilometer. The thicknesses obtained for five different 
deposition times are reported in Table 5.1.  
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Table 5.1 Thicknesses of the deposited thin films for various deposition times 
 
 
S.No 
Deposition Time 
(min) 
 
Thickness (µm) 
1. 5 0.08 
2 10 0.12 
3 30 0.75 
4 45 1.2 
5 60 1.4 
 
5.1.2 Pre/Post annealing 
 
 It is mentioned in chapter 4, that the thin films were annealed in order to study the 
effect of temperature on thin film properties such as microstructure, crystalline structure, 
electrical and thermoelectric properties. 
5.1.3 Compositional Analysis 
  
Compositions of as sputtered thin film samples were obtained using Energy 
Dispersive Analysis of X-rays system (EDAX) associated with JOEL JSM – 5600 
Scanning Electron Microscope. It is very crucial that for device applications the 
compositions of the deposited thin films are consistent with respect to the compositions 
of the starting target stoichiometry. This was verified by subjecting the thin film samples 
to EDAX analysis. The obtained results show that the discrepancy between the 
compositions of the target material and thin films are less than 5%. Thin film samples 
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with 0.1µm thickness have shown an atomic composition of Cr=37.64% and Si=62.36%, 
and thin films samples with 1µm thickness have shown an atomic composition of 
Cr=39.27% and Si=60.73%.  Compositional analysis was not studied on annealed films 
as no change was anticipated. 
 Apart from determining the composition of films, Scanning Electron Microscope 
(SEM) was used to obtain the micro-structural images of the thin films of 1 µm and 0.1 
µm before and after annealing which are shown in the (Figure 5.1). 0.1 µm thin films 
exhibited the same level of surface smoothness and quality of surface microstructure 
between as-deposited and annealed films.  It is noticed that the 1 µm thin film sample 
exhibited large cracks and pits crystals that had hexagonal contours, but not separate from 
the substrate. This may be due to the increased volume strain energy of the film 
experienced due to large volume, which was relieved by the creation of cracks and pits.  
These cracks also resulted in charging effects while examined in the SEM due to possible 
exposure of the glass substrate in certain areas, which are non-conducting.  This 
constrained our magnification to only X35 during the study of 1.0 µm thin film.  
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     (a)                                                                 (b) 
 
                                 (c)                                                            (d)         
Figure 5.1 SEM Micro-structural images of CrSi2 (a) 0.1 µm thin film as-sputtered (b) 0.1 
µm thin film after annealing at 300˚C (c) 1 µm thin film as-sputtered and (d) 1 µm thin 
film after annealing at 300˚C 
 
5.1.3.1 Structural analysis 
 
 X-ray diffraction analyses were done on all thin films before and after annealing 
using both diffractometer facilities as discussed in chapter 4. Rietveld structure 
refinement (TOPAS 4.2, Bruker AXS) software was used to analyze the patterns that 
were collected and to identify the phase of crystallization and also refine the lattice 
parameters. All diffraction data were refined using the same strategy to allow quantitative 
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comparison of the crystallization initiated with the heat treatment. The Rietveld structure 
refinement allows peaks fitting by calculating the structure factors for each lattice plane 
applying pseudo-Voigt type profile functions (Thompson-Cox-Hastings) and a 
fundamental parameter approach. The refinement and fitting of the patterns were done 
with the following setting. The background fit was set to a sixth order Chebychev 
polynomial; the instrument setting was fixed in regards to goniometer radius (435 mm), 
x-ray emission (CuKα1 with λ=1.53063 Å), slit settings and Lorentz polarization (27.3˚), 
the goniometer offset and the sample displacement were set to zero and were not refined, 
and the refinement range was set from 30˚ to 90˚ for 2θ. Standard structure data by 
Boren, B for CrSi2 was used as a reference for our refinement. In our initial experiments, 
it was confirmed that the formation of the hexagonal structure type in the target bulk 
CrSi2 material. It‟s reported that the hexagonal modification of CrSi2 belongs to the 
P6222 space group with lattice parameters as follows: a=b=4.4220A˚, c= 6.351A˚. In our 
refinement, lattice parameters were constrained to the following ranges: a=4.4 Å to 4.5 Å 
and c= 6.2 Å to 6.4 Å and the crystallite size was constrained from 10nm to 100nm. 
 The obtained results from the Rietveld refinement for all samples regarding their 
Bragg residuals, which indicates the difference between the calculated and measured 
intensities, the scaling factor, which gives an indication about amount of the phase in the 
material, and the refined lattice parameters, are presented in Tables 5.2 and 5.3  for 1µm  
and 0.1µm thin films, respectively.  Since the R-Bragg Refinement Residual obtained in 
the refinement process was much less than 5%, it is safe to assume that the fit is 
excellent. Additionally, it is noted that the lattice parameters obtained for various thin 
films are in the within the expected values for CrSi2.  
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Table 5.2 X-ray diffraction refinement values for CrSi2 1µm thin films 
 
Sample ID R-Bragg 
Refinement 
Residual (<< 5%) 
Scaling Factor Refined cell 
parameters, a and c 
(Å) 
CriS2 as-sputtered NA NA NA 
CriS2 300C 1h 1.103 0.000209 4.449,  6.293 
CriS2 400C 1h 1.292 0.000235 4.4331,  6.317 
CriS2 500C 1h 1.705 0.0001637 4.4152,  6.3359 
CriS2 600C 1h 1.309 0.000280 4.443,  6.244 
CriS2 300C 2h 1.249 0.000258 4.445,  6.285 
CriS2 400c 2h 1.353 0.000299 4.4289, 6.304 
CriS2 500c 2h 1.891 0.0002248 4.4127, 6.3382 
CriS2 600C 2h 1.388 0.0002750 4.4304, 6.2981 
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Table 5.3 X-ray diffraction refinement values for CrSi2 0.1 µm thin films 
 
Sample ID R-Bragg 
Refinement 
Residual (<< 5%) 
Scaling Factor Refined cell 
parameters, a and c 
(Å) 
CriS2 as-sputtered NA NA NA 
CriS2 300C 1h 0.646 
 
0.000219 4.438, 6.280 
CriS2 400C 1h 0.814 0.000265 4.439, 6.253 
 
CriS2 500C 1h 0.625 0.000264 4.425, 6.262 
CriS2 600C 1h 0.538 0.000452 4.435, 6.272 
CriS2 300C 2h 0.512 0.000193 4.420, 6.286 
 
CriS2 400c 2h 0.602 0.000263 4.433, 6.260 
 
CriS2 500c 2h 0.581 0.000225 4.423, 6.265 
 
CriS2 600C 2h 0.691 0.000234 4.439, 6.271 
 
Plots of the diffraction patterns for both 1µm and 0.1µm thin film thicknesses for 
various annealing temperatures for two different annealing times, 1h and 2h,  are shown 
in (Figures 5.3- 5.6). Also plots of the scaling factor versus annealing temperatures for 
1µm and 0.1µm thin films for 1hr and 2 hr annealing times are shown in (Figure 5.7 and 
5.8).  
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Figure 5.2 X-ray diffraction 2θ scan of 1µm CrSi2 Thin film annealed for 1hr. for 
annealing temperatures in the range 300
o 
to 600
o
 C 
 
 
Figure 5.3 X-ray diffraction 2θ scan of 1µm CrSi2 thin film annealed for 2 hr. for 
annealing temperatures in the range 300
o 
to 600
o
 C 
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Figure 5.4 X-ray diffraction 2θ scan of 0.1µm CrSi2 Thin film annealed for 1hr. for 
annealing temperatures in the range 300
o 
to 600
o
 C 
 
 
Figure 5.5 X-ray diffraction 2θ scan of 0.1µm CrSi2 Thin film annealed for 2hr. for 
annealing temperatures in the range 300
o 
to 600
o
 C 
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Results of the Figures 5.3 to 5.8 are summarized as follows. 
 Crystallization of the hexagonal modification of CrSi2 was observed in all thin 
films for both thicknesses at different annealing temperatures and times. This was 
confirmed with the Bragg refinement residuals results where the difference 
between the measured and calculated patterns is less than 1%, and the refined 
lattice parameters.  
 Crystallization process gets initiated at 300˚C, which agrees with reported 
literature values [4] 
 Crystallization as indicated by the height of the peak intensities becomes better at 
higher annealing temperatures till 500˚C. Beyond 500˚C, a decrease in the peak 
intensity is observed, which can be related to the changes in the microstructure, 
which requires further investigation. This behavior is also indicated by the scaling 
factor results shown in (Figure 5.7 and 5.8). 
 For 1µm CrSi2 thin films, the X-ray patterns for 1 hr. annealing time is dominated 
by appearance of the (111) and (112) peak intensities for different annealing 
temperatures, while  for 2 hour annealing time the X-ray pattern is dominated by 
the appearance of the (111), (112), and (003) peak intensities. This indicates the 
increase in crystallinity with increasing annealing time.  
 For 0.1µm CrSi2 thin films, the X-ray patterns for 1 hr. annealing time is 
dominated by appearance of the (111) and (112) peak intensities for different 
annealing temperatures. There is no change in the peak intensities between 1 hr. 
and in the 2 hr. annealed samples. This indicates that 0.1µm CrSi2 thin films are 
fully crystallized at 1 hr. annealing time and additional annealing time is 
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unnecessary. The difference in behavior between .1µm and 1 µm CrSi2 thin films 
may be due to the vastly different volume of material that needs to crystallize and 
the associated need for increased energy. 
 
 
Figure 5.6 A plot of scaling factor versus annealing temperatures for 1µm CrSi2 thin film 
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Figure 5.7A plot of scaling factor versus annealing temperatures for 0.1µm CrSi2 thin 
film 
 
5.1.3.2 Seebeck coefficient  
 
 Seebeck voltages of 1µm and 0.1µm thin films were measured for various 
annealing temperatures in the range of 100˚C-600˚C for two different annealing times, 
1hr and 2 hr. Based on the procedure described in section 4.1.3.6, Seebeck coefficients 
were calculated from measured Seebeck voltages. Plots of Seebeck coefficients versus 
annealing temperatures are shown in (Figures 5.9 and 5.10) for 1µm and 0.1µm thin 
films, respectively, for two annealing times 1hr and 2 hrs.  
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Figure 5.8 Seebeck coefficients versus annealing temperature for a CrSi2 film of 
thickness 1µm 
 
 
Figure 5.9 Seebeck coefficients versus annealing temperature for a CrSi2 film of 
thickness 0.1µm 
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Results of the Figures 5.9 to 5.10 are summarized as follows: 
 Seebeck coefficients in general increase with the annealing temperature for 
both thicknesses and annealing times up to 400
o
C.  This behavior is directly 
related to the better crystallinity of the thin films at higher annealing 
temperatures. 
 In the temperature range of 400 to 500oC, all plots show a sudden change in 
Seebeck coefficient. Seebeck coefficient saturates at around 60V/K for 0.1 
µm thin films.  For 1 µm thin films annealed for 1 hr. the Seebeck coefficient 
shows a plateau between 400 and 500
o
C and then increases and reaches close 
to the reported bulk value of 96V/K, whereas the 2 hr. annealed thin film 
shows a decrease.   
 This difference behavior can be related to the degradation of the thin film 
microstructurally with the creation of voids, cracks and pits at higher 
annealing temperature and longer annealing times.  Results of 1 µm thin films 
are suggested that presence of cracks and voids does not affect the 
measurements. 
 Polarity of the potential difference clearly indicates that the material is p-type. 
 
5.1.3.3 Resistivity  
 
 Resistivity of 1µm and 0.1µm thin films for various annealing temperatures in the 
range 300
o
C-600
o
C for two different annealing time, 1hr and 2hr. Resistivity calculations 
were based on the procedure discussed in section 4.1.3.5. Plots of resistivity versus 
annealing temperatures for 1hr and 2hr annealing times are shown for 0.1 µm thin films 
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in (Figure 5.11) only. Resistivity of 1µm thin films couldn‟t be measured due to their 
high resistance values which exceeded the limitation of the measurement system. It is 
estimated that 1µm thin films have a resistance value larger than 1MΩ. Based this 
estimate, the resistivities of the annealed 1µm thin films were calculated to be larger than 
0.000453 MΩ-cm, while the as deposited show to have resistivity of 1.197mΩ-cm.  
Large resistivities for 1 µm thin films are consistent with SEM observation of the 
microstructure which shows possible discontinuity of the film which is necessary for 
making resistivity measurements. 
 
 
Figure 5.10 Plots of resistivity versus annealing temperatures for 0.1µm CrSi2 thin films 
 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 200 400 600 800
R
e
si
st
iv
it
y 
(m
Ω
-c
m
) 
Annealing temperatures(C˚)
Resistivity (mΩ-cm)- 1 
hr annealing
Resistivity (mΩ-cm)- 2 
hr annealing
 91 
 
Results of the Figures 5.11 can be summarized as follows: 
 For both annealing times, 1hr. and 2hr., 0.1 µm thin films show that the resistivity 
increases with annealing temperature till 300
oC and reaches a value of 0.9 mΩ-cm, 
which is close to the reported bulk value and then decreases till 400
o
 C and then 
saturates.  The increase in resistivity is consistent with the film becoming more 
crystalline with temperature. Decrease of resistivity beyond 400
o
C cannot be 
explained.  This needs to be investigated further. 
 
5.1.3.5 Thermoelectric Power Factor 
 
 The thermoelectric power factors, P, of 0.1µm thin films was calculated and 
plotted for various annealing temperatures in the range of 300˚C-600˚C for two different 
annealing times, 1hr. and 2 hrs. The thermoelectric power factor for 1µm thin films could 
not be calculated as resistivity, which is necessary for the calculation (Equation 5.1), 
could not be measured due to the limitation instrument used as discussed in section 
5.1.3.3. The calculations of the power factor were done using the following equation: 
                                  
  
 
        (W/K
2
 m)                                     5.1 
where S is the Seebeck coefficient and ρ is the resistivity. Results of P versus annealing 
temperatures for 0.1µm thin films are shown in (Figure 5.12) and observations are 
summarized below. 
 Thermoelectric power factor increases with annealing temperature from 300oC to 
400
o
C and saturates at about 0.9 x 10
-3
 W/(K
2
.m)
  
beyond 400
o
C for 0.1µm thin films 
annealed for 2 hrs. Whereas for 0.1µm thin films annealed for 1 hr, thermoelectric 
power factor increases with annealing temperature from 300
o
C to 500
o
C  and 
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saturates  at about 1.1 x 10
-3
 W/(K
2
.m)
  
beyond 500
o
C. This behavior can be attributed 
to increase in crystallinity in the higher annealing temperature range. 
 
 
Figure 5.11 A plot of the power factor versus annealing temperature for 0.1µm CrSi2 thin 
films 
 
5.2 Discussion 
 
In general, annealing between 100˚C to 300˚C, Seebeck coefficient and resistivity 
increases linearly, this correlates well with the observation of increased crystallinity of 
the deposited thin films.  The difference measured Seebeck coefficients between 0.1 µm 
and 1 µm thin films annealed in this temperatures range is very minimal, which is 
surprising given the significant differences in the microstructures of the films, whereas, 
the resistivity results show a marked difference with 0.1 µm exhibiting measurable values 
in the range of 0.2 to 0.9 mΩ-cm, and 1 µm thin films have resitivities larger than 
0.000453 MΩ-cm, which is consistent with the difference in the microstructural 
differences.    Annealed 1 µm thin films exhibit a large cracks and pores, where as 0.1 
µm thin films exhibit a smooth texture as shown by SEM micrographs of (Figure 5.2(b)). 
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Both 0.1 and 1 µm thin films show a transition in Seebeck coefficient between 300
o
C 
and 400
o
C, with 0.1 µm thin film showing a plateau beyond the transition temperature 
and 1 µm thin film showing a plateau for about 100
o
C range and then increasing further 
for shorter anneal times and a peak at the transition temperature for longer anneals.  
Degradation of properties for 1 µm thin films with longer duration of anneal may be 
related to degradation of the thin films microstructurally.  In other words, cracks and 
pores may cause the degradation.  
0.1 µm thin films show a peak in resistivity around between 300
o
C. Decrease of 
resitivities beyond 300 C anneal is unclear. 1 µm thin films have resistivity larger than 
the limits of the instrument. Such high resistance may be a result of porosity observed 
(Figure 5.1(d)) in the annealed films. Thermoelectric power factors for 0.1 µm thin films 
with respect to annealing temperatures show a behavior similar to that of Seebeck 
coefficients, increasing with temperature and reaching a plateau value of 1.0 x 10
-3
 W/(K
2
 
m) at around 400
o
 C to 450
o
 C.  Due to highly resistive nature of 1 µm thin films, the 
thermoelectric power factor for these films has an upper estimate of 6.403×10
-6
 W/(K
2
 
m). These results suggest that annealed 450˚C thin films of thicknesses in the range of 
0.1µm are more suitable for device applications when glass substrates are employed.   
For Thermoelectric materials to be of great us in device applications, it should exhibit 
a large power factor, P, or thermoelectric figure of merit, ZT.  In this work, since thermal 
conductivity was not investigated, ZT cannot be computed.  But thermoelectric power 
provides the necessary data to make the judgment.  To achieve the best ZT or P, the 
material should exhibit small electrical resistivity, which our 0.1 µm thin films annealed 
at temperature over 400
o
C do. Resistivity values of 0.9 mΩ-cm indicate that the hole 
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carrier concentration of over 10
20
 /cm
3
.  Such high concentration is a result of defects and 
unintentional doping resulting from the sputtering process.  Since the resistivity is already 
low, further improvements in it will be less likely by better processing.  One parameter 
that can be modified is the thermal conductivity, which relates to phonon and electron 
contributions.  Since amorphous as-deposited films have lower Seebeck coefficient 
compared to the annealed ones, it is inferred that the electrical component of dominates 
the thermal conductivity process. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK 
 
6.1 Conclusions 
  CrSi2 films of two different thicknesses were prepared by RF sputtering. As- 
deposited and annealed (300˚C to 600˚C) were characterized for their structural, 
electrical, and thermoelectric transport properties. As-sputtered CrSi2 film is amorphous 
at room temperature and crystallizes around 300˚C independent of thickness. The 
resistivity of the as-deposited 1µm films is 1.1979mΩ-cm, whereas, the annealed films 
exhibit resistivity over 1MΩ-cm because of the formation of crack in the film which 
result in electrical discontinuities in the film.  The Seebeck voltage of the1µm films 
increase sharply with annealing temperatures and reaches a value of 81µV/K, which close 
to that of bulk CrSi2. The 0.1µm thin films exhibit an increase in the resistivity with 
annealing temperature and reaches 0.9mΩ-cm at around 300C and then decreases.  This 
behavior is not well-understood. The Seebeck voltages of the 0.1µm thin films increase 
with annealing temperatures and reaches a maximum value of 62µV/K. Thermoelectric 
power factors for 0.1 µm thin films with respect to annealing temperatures show a 
behavior similar to that of Seebeck coefficients, increasing with temperature and reaching 
a plateau value of 1.0 x 10
-3
 W/ (K
2
 m) at around 400
o
 C to 450
o
 C.  These results suggest 
that thin films of thicknesses in the range of 0.1µm annealed over 400
o
 C are more 
suitable for device applications when glass substrates are employed.   
      In order a deposit ternary and higher order alloys, a three gun sputtering system was 
designed, built and tested for its level of vacuum levels and cleanliness. The tests showed 
 96 
 
that the three-gun sputtering system is of vacuum levels of 10
-9
 torr and shows extremely 
low level of impurities and is ready for future sputtering works in this area. 
6.2 Recommendation and Future Work 
 
Based on our experience with CrSi2 deposition and characterization, and also the 
design and assembly of the three gun sputtering system, the following issues are 
recommended for future investigation: 
 Investigation of the structural behavior of the 1µm CrSi2 thin films at annealing 
temperatures greater than 300˚C. In other words, identify the reasons for the film 
to crack with annealing. 
 Study of the electrical and thermoelectric properties as a function of thin film 
composition before and after annealing. 
 Measurement of Hall mobility and carrier concentration for all thin films. 
 Measurement of the thermal conductivity of all deposited thin films before and 
after annealing, to allow us calculate the thermoelectric figure of merit ZT. 
 Use of the designed three gun sputtering system to better sputter CrSi2 thin films. 
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